Volumetric modulated arc therapy (VMAT) has been adopted by many clinics for its higher delivery efficiency compared to conventional intensity modulated radiotherapy techniques.
Introduction
Routine use of volumetric modulated arc therapy (VMAT) in the clinic is spreading rapidly. VMAT shows higher delivery efficiency with similar or better dosimetric benefits compared to traditional intensity modulated radiotherapy (IMRT) (1, 2) .
At present, two venders (Elekta and Varian) provide VMAT capabilities. The current VMAT quality assurance (QA) procedure for both venders' linacs was investigated by many groups. Ling et al. designed a series to test and commission the RapidArc system (Varian, Palo Alto, CA) (3) . After that, automatic electronic portal imaging device (EPID) based test procedures and related tolerance levels were established
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by different groups (4) (5) (6) . Similarly, Bedford et al. designed a procedure to commission the Elekta linac with VMAT function (7). Although these solutions were provided, they only focused on each specific machine and there was no general method to implement VMAT QA across different types of machines. Kaurin et al. extended Bedford's test procedure by adding modified Ling's series, but the method their used to executed test series was only suitable for Elekta linac (8) . Ideally, VMAT should have similar quality assurance procedures and criteria independent of the vendors. An identical procedure will be crucial and convenient for documentation and comparison and will be useful for machine performance evaluation among multivendor environments.
The main obstacle to generate an identical procedure is the difference between two vendors' VMAT solutions, such as the mechanical structures (e.g. MLC design) and control systems (e.g. gantry speed adjustment mechanism). Technically speaking, it is difficult to directly transfer QA process from one vender to the other vender's environment. For Varian, most studies used in-house software to generate DICOM plans or directly used the QA plan provided by vender (3) (4) (5) ; and for Elekta, most physicists have commissioned their systems by comparing measured dose profiles of VMAT-planned patient cases or using iCom Customer Acceptance Test tools which are only suitable for Elekta machines (8) . To the best our knowledge, there is no report about implementing identical QA processes that cover both machine characters simultaneously.
In this study, an identical EPID based VMAT QA procedure for Varian and Elekta machines was created and the implementation was validated in a clinic environment with MOSAIQ R&V system for both vendors' machines. Furthermore, identical VMAT QA criteria are established based on this procedure.
Materials and Methods

Testing Environment
The linacs used in this study were Synergy (Elekta, Crawley, UK) with 80 MLCi2 leaves and Trilogy (Varian Medical Systems, Palo Alto, CA) with 120 Millennium MLC leaves. The Trilogy has the aS100 EPID for acquiring 16-bit grayscale images with 1024 3 768 pixels. The Synergy has the iViewGT for acquiring 16-bit grayscale images with 1024 3 1024 pixels. Monthly linac QA tests (mechanic and dosimetry) were performed before any test series from this study were measured.
Testing Series Generation
We used Excel (Microsoft, Redmond, WA) to define each control point of the QA plan. For each control point, the percentage of cumulative dose, energy, beam type, gantry degree, jaw information, MLC information and some other information are required. The total dose of this beam and the control point numbers are provided in another Excel sheet. Adjustments are necessary because of the limitation of the delivery system such as gantry speed, dose rate and MLC speed. We used MATLAB (The MathWorks, Natick, MA) to convert the Excel file to the RTP format, which can be imported and delivered by the R&V system (MOSAIQ, Elekta, Crawley, UK) on both machines.
Three test procedures were designed, including picket fence (PF), dose rate vs. gantry speed (DRGS) and MLC speed vs. dose rate (MLCDR). Because we used the R&V system to execute plans, the EPID images were direct exported into the MOSAIQ system with plan information. These images were exported to MATLAB in DICOM format for analysis. All tests (PF, DRGS and MLCDR) were repeated three times in different days.
Testing Series
The test series we used to test both venders linacs are as follows: 
Test the MLC Leaf Positions During Gantry Rotation
Test the Combination of Dose Rate and MLC Speed
A plan with four dynamic segments MLC plan during a 283.58 gantry rotation were generated. This plan includes 4 dynamic MLC segments. For each segment, 48 MU were delivered to a 3 cm width strip by a 5 mm width sliding field. A 12 cm width uniformed field was generated with different combinations of dose rates and MLC speeds. The equivalent static field was 8 MU. Practically, the cumulative dose and the gantry angle were given at each control point to set the dose rate. The theoretical dose rate for Synergy during the 4 segments was 600,300,150 and 75 MU/min. The theoretical MLC speeds were 0.625, 0.3125, 0.1563 and 0.0781 cm/sec. Since the Synergy uses discrete dose rates, the MLC speed was adjusted to meet dose requirement meanwhile the gantry speed was adjusted automatically. The theoretical dose rates for Trilogy during the 4 segments were 600, 443, 222
and 111 MU/min. The theoretical MLC speeds were 0.625, 0.4615, 0.2308 and 0.1154 cm/sec. The MLC speed for the first segment was beyond the range of MLC maximum speeds; the gantry speed was decreased to meet the dose requirement.
Similarly, intentional errors were introduced to assess the sensitivity of the test. Four different segment doses of 8.2 MU, 8.4 MU, 9 MU and 10 MU (increased from baseline by 2.5%, 5.0%, 12.5% and 25.0%, respectively) were introduced to test the intentional error.
Analysis Method
PF Analysis: The relative shift between gantry and EPID and the image flatness were corrected before image analyses. The image correction method is similar to Jorgensen (5) . After that, the profile of each leaf was acquired except the outermost MLC leaf pairs, which were excluded due to penumbra effects. The position and the width of the gap were acquired by fitting the image with a multi-peak Gaussian function (Equation [1] ), where a is the amplitude of each strip, b is the centroid of each strip (position of each gap), and c is the peak width of each strip. The gap position was directly obtained from the equation. The gap width was calculated by solving the equation equal to the half maximum intensity. The maximum relative shift between the gantry and EPID was 1.3 mm in this study, which was similar to that reported by other studies (5) .
The data analysis of the PF is divided into three components: systematic error, random error and the error between arc and static deliveries. The systematic error is defined as the constant leaf error at every position (9) , which is introduced during the MLC calibration process. The random error is defined as leaf offsets at different positions. The error between arc and static deliveries is defined as the difference between the arc delivery and the fixed gantry delivery for the same tests. A more detailed calculation is described in the appendix.
DRGS Test Analysis:
The relative shift between gantry and EPID was corrected before image analyses. The leaf profiles in the DRGS image were acquired and aligned to the flat image profiles for this test. Again, the outermost MLC leaf pairs were excluded due to penumbra effects. Forty EPID image pixels at the center of each segment in the DRGS central leaf profile (red line in the Figure 1A) were selected and the intensity values of these pixels were averaged and divided by intensity values of the flat image at the same position. The percent of the deviation was recorded and analyzed. A sample of flat field profile and DRGS profile is shown in the Figure 1B .
MLCDR Test Analysis:
This procedure is similar to DRGS analysis. Four pixels at the center of the each segment region were selected. The intensity values of these pixels were averaged and divided by the value from the flat image. Again, the percent of the deviation was recorded and analyzed.
Results
PF Result
The systematic gap position and width errors are less than 0.5 mm. Moreover, in system error analyses, the percentage of gap position errors within 0. 
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comparisons between the position and width errors introduced into the arc and the normal static PF images, respectively.
DRGS Result
The result of the dose rate and gantry speed test is shown in Figure  3 . As shown in Figure 3 (A) and (B), 97.1% and 97.5% of intensity deviations were less than 2% for Synergy and Trilogy, respectively. And 99.8% and 100.0% of deviations were less than 3% for Synergy and Trilogy, respectively. Figure 3 (C) and (D) show a linear relation between the measured and introduced deviations. The slope of trilogy (0.57) is a little bit larger than Synergy (0.33), which means higher sensitivity. According to this relation, dose deviation of 10% (6%) will cause 3% intensity variation for Synergy (Trilogy).
MLCDR Result
The test result of MLC speed combined with dose rate was plotted in the 
Discussion and Conclusion
In this study, test series and criteria were established and applied to two different VMAT machines, and identical QA and quantitative analysis procedure were established.
VMAT has the characters of dynamic MLC motions, variable gantry speed and dose rate. Independent check of the accuracy of MLC position, the accuracy of the gantry degree and the constancy output vs. dose rate are already included in the established publications such as TG142 (10), therefore, they were not mentioned in this study. These tests cover the most important component of VMAT delivery. In this study, the actually parameter we given was gantry position and accumulated MU for each control point. The nominal mean gantry speed and nominal mean dose rate were calculated from these parameters. The actually gantry speed and dose rate might be adjusted by the Linac control system and would be quite different to the nominal values because the time for delivery was not fixed. However, for the precisely VMAT delivery, the key point was to make sure that the right dose was delivered at the right gantry angle with the right MLC shape. Although these parameters were not measured on real time, the result of our test was an indirect display of the delivery status, such as the fluctuation of profile would indicate the deviation of the dose delivery at certain gantry angle.
The PF test was first introduced by Chui et al. (11) . It was an intuitive test for the positioning of MLC. We used the EPID to perform the tests. The movement between the EPID panel and gantry was corrected by a simple method as described previously. However, this simple correction is not comprehensive. For instance, the distance between the panel and gantry (SPD) might change during the gantry rotation, which might change the magnification with gantry angle (12) . However, this simple correction showed sufficiency in PF test for position analysis, which is the main focus. The other influences were ignored.
Our results show a highly linear relationship between the measured error and introduced error, especially for systematic position error. The difference in the measured slope between the two linacs may be caused by machine intrinsic tolerance. Also, the Elekta machine has a leaf abutment mechanism to prevent collision, which may influence the slope.
Both the MLC systematic and random errors are within 0.5 mm in our study. The dosimetric influence of the MLC systematic and random position error was different (13) . A random position error of up to 5 mm in RapidArc delivery resulted in insignificant dose errors. However, to maintain the target dose within 2% would require that MLC systematic error be within 0.6 mm in H&N (14) . Tatsumi et al. studied five prostate cases and concluded that a 0.3 to 1.0 mm systematic position errors is the upper limit to maintain a dose difference of 2% for VMAT (15) . According to the results from those studies and our data, we believe that a leaf position deviation within 0.5 mm for 95% MLC should be an appropriate tolerance for VMAT. The AAPM criteria of the MLC position error is 1 mm for picket fence test at four cardinal gantry angles which might be too loose for the VMAT (10).
In this study, the DRGS test results of both machines are similar, and most of the select regions have less than 2% dose differences compared to the related flat fields. It shows that the delivered dose is accurate under the different dose rates and gantry speeds. There are some differences between two machines. One possible reason for these differences is that we only delivered 24 MU to each region, which is not sufficient to overcome other influences such as leaf transmission and outfield scatter. About 3% MLC leaves have intensity deviations larger than 2% in the DRGS test. Those leaves are located at the edge of the field, which may be dramatically influenced by penumbra. According to our results, dose deviation under 3% can be an appropriate tolerance for VMAT test and can be achieved by both machines.
Similar to the DRGS test, the MLCDR test also shows that most of the selected regions have less than 2% dose differences compare to the related flat field. A linear relationship can be established between the introduced and measured errors. Because it is difficult to introduce a small error to the linac, for example, increasing the dose from 8 MU to 8.2 MU is very difficult for control system to accurately execute.
Betzel et al. investigated the influence of the dose variation during VMAT delivery and concluded that the treatment can be delivered successfully despite large fluctuations in dose rate (16) . Based on his study and our result, we think the intensity deviation under 3% may be an appropriate tolerance for VMAT test and can be achieved by both machines.
From our tests and tests reported from literature, we have compiled a recommended list of tests and associated criteria (Table I ). At present, Elekta has a new control system which can provide continuously variable dose rate and Varian has a flattening filter free (FFF) machine. These are new A test series was created and implemented for VMAT accelerators from two vendors. Comparable results were obtained from both machines, enabling uniform criteria to be established for VMAT quality assurance. These EPID based VMAT QA tests can be implemented for both machines.
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Appendix: The Calculation of the PF Parameters
All deviations were calculated using the following equation: W all is the mean width of all gaps.
The n and m are the total number of the MLC leaf pairs and the total number of the gaps, respectively.
The systematic deviation of the width was calculated by Equation [3] .
The random deviation of the width and position was calculated by Equation [4] .
The systematic deviation of the position was calculated by Equation [5] .
⌬ ⌬ ∑ = P n P 1 j j j ij i [5] The difference between the arc and static was calculated by Equations [6] Where P ij x is the position of the i th leaf pair and j th gap at gantry 'x' degree.
